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ABSTRACT

Reactions occurring at the positive and negative electrodes and in
the solution phase of cells of the type Li/LiClOa, DMSU/Graphite have
been studied. Experiments were performed in an H-cell wherein the two
electrodes of the cell were isolated in compartments separated by a
porous glass frit. Discharge capability of 36 hours at a current density
of 2 mA/cm2 have been demonstrated. Discharge potential was about
3.00 V measured versus a lithium wire reference electrode. The effect
of operating current on cell performance has been studied. The role of
each component of the battery in the charging and discharging reactions

has been investigated.
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Chapter 1

INTRODUCTION

Lithium Nonaqueous Battery Systems

Lithium has the lowest equivalent weight among all the alkaline
metals and the largest negative potential. Therefore, when used as the
negative electrode in batteries, it offers a very high energy density.
Within the last ten years considerable effort has been devoted to the
development of nonaqueous batteries in order to exploit fully the
advantages of lithium as a negative electrode. Two types of nonaqueous
batteries are being developed, high temperature and room temperature
systems. The high temperature systems use molten salt as electrolyte
thus avoiding the need for a nonaqueous solvent. The Li-FeS2 battery
using molten LiCl1-KCl eutectic as the electrolyte is an example, and
a great deal of effort has been expended in its development (1-4). A
large proportion of development work in room temperature systems has
been directed towards finding a positive electrode and an electrolytic
solution compatible with the lithium negative electrode. For a feasible
battery system, the solvent must be stable with lithium, the electrolyte
must be compatible with both the solvent and lithium, the electrolytic
solution must have a conductivity of at least 1073 ohms™! em!, and the
positive electrode while being compatible with the electrolytic solution
must contain an active material that is sufficiently insoluble in the
solvent so that self-discharge is minimized.

Several lithium battery systems, primary as well as secondary, have

been reported in the literature (5-23). These are listed in Table 1-A

and 1-B to illustrate the diversity in the search for a suitable




‘g J4ed jo pud 3yl e paute(dxa aue a|qel ay3

Ul pasn suop3eLAd4qQy

J43ddod uo
£2 5.61 3tydesb + (€5uSs52) Yon 40 Yoo 18 Yown g
g Y0941
22 561 Y0u3%6y 40 YosyEby uo Yoalby |+ smp uo 18 <au 40 Yisy1y py
8l w6l 18394y uo a3tydeat + Souy 4o Egow  |awa + ML 40 3¢ Yota11 st
‘43ddos uo
91 ‘sl €161 a3tydedd + s uo EoM a0 Y(49) uo Cyng %1905 “€1204 Yoa -2t
51 £61 oM € 1204 Y cu
st £161 uoque) uo X € 1204 ﬁxm_d 0 Txiyer ot
ol £L61 42ddod U0 431ydedy + SON M0 Yoorr 6
£l €461 Jaddes uo a3tudeay + Zy £p¥y 2 Yoo -8
8L ‘cl £L61 43ddod uo a31ydeag + Souy 2 Yo 2
£l £L61 42ddod uo a3tydey + 3 2 sy -9
94sy17
0z ‘It L6l 4addod uo a31ydess + Egou 9 w0 v g
93417 w0
6 L6l (Pou) 331ydeus OSKO 40 15 | 4811 40 Pigiq -
8 LL6L 43ddos uo 83tyden + ¢4n) 2 Yoo g
9L ‘st 0L6l 1a%3tu uo yoe(q surifiady + “(¥49) 94 40 NS %o1a11 -2
21 ‘s 6961 13335 pate|d 13YdLN UO SN M0 + L Yottt -1
FER T 360919373 IAILIS04 INIAI0S EYVRITTHERE]
SW3LSAS AYWWIUd ‘Y
S300410373 IATLVOIN WAIHLT1 SNISA SWILSAS AUILLvE SNO3NDWNON TANIVEIGWIL WOOW 1 318wl




MY *BH “3d *IN ‘SS ‘00 “OW ‘UM ‘34 ‘By ‘Pd ‘GN ‘M “IL ‘®L ‘04 - (EIW - AW,
ts2g2uq +SsZg%qd *SGBY “SEND - SIPILNSOAOG I L LPION - SEIMe

ajeuoqued aua|Ay3l = 23
URANJOAPAYRAIDL =  3HL -3pIX04{NS LAYIBWLQ = OSHG
auelojins = 7§ 31L4Ins LAYIBULD = NSHO
ajeuoqued audfhdoad = 94 apluewaoy [Ayjawig =  JuWg
ajeuwio) LAYION = IW aueyjakxoylauld - 2 ‘L = 3G
93RUOQURI0U0 YD 1AYISW = IINW auojdejosaAing - J = 18

SJUSA[OS J0} Pash SuojIe}Asliqqy .

Y1817 40

12 sL61 11 uo €511 w0 Suy 2d Po19471 40 Yoy v9
61 w61 an uo Esan 24 Vs s
81 bL61 19YIEN U0 23 1ydeub + Souy W0 + ML Yoo -y
( 9261 uoguey uo 2ug 3d a1 + Yot e
01 LL6L (se1e1d upy3) 831ydess 3d 40 NSWa Yia11 40 Youa11 -2
5 6961 18935 pazz(d [3MDIN uo 419y Jo 19%n) M ” Yo
EET TN 300812373 3IATLIS0d INIAI0S ETVRTTTRERE]

W3LSAS AYVONOD3S -8




combination of a positive electrode and an electrolytic solution for a
nonaqueous lithium battery system. The stability and performance of

the lithium negative electrode in a wide variety of solvents has been
studied (24-28). It has been shown that the water content in electrolytic
solutions must be less than 50 ppm (24, 26). The mossy dendritic nature

of lithium deposits and the apparent reaction with the solvent (28) are

problems that must be overcome to use lithium successfully in a recharge-
able battery. Secondary batteries need thin, ion-exchange membranes as
separators. Although separators are essential in the battery, no work %
directed towards selecting a membrane specifically suited to lithium
batteries has been reported in the literature.

Lithium-Graphite Battery

The lithium-graphite battery system using LiClO4-Dimethylsu1fite
(DMSU) as the electrolytic solution is the focus of this thesis. The
behavior of DMSU as a battery solvent was studied (29) and the transport
properties of Lic104 in DMSU were measured (30) before the battery system

was investigated (10). The feasibility of the cell Li/LiCl0,, DMSU/

4!
Graphite, capable of delivering up to 10 mA/cm2 at 4.0 V has been demon-

strated. Maximum charge storage of 90 coulombs/g of graphite with up to

90% coulombic efficiency was achieved. No significant differences were
found upon substituting the electrolyte and the solvent. On wet stand,
the cells retained 50 to 75% of their capacity. On the basis of these

results, it was proposed that a simple lamellar compound of graphite is

formed in the LiC104-DMSU solutions, characterized by the reaction 1

. st -
nC + L1C104 = Li + CnCIO4 +e.
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If this were the stoichiometry, the charge storage capacity of 90
coulombs/g of graphite corresponds to 89 carbon atoms per c1o; anion.
The corresponding specific energy density for the battery was predicted

to be 20-45 Wh/Kg at a 4.0 V discharge potential assuming graphite con-

stitutes 20% of the weight of the battery.

The weight of the anion and the number of carbon atoms required per
anion are important parameters in calculating the specific energy density.
Both must be lowered to increase the energy density. Hebbar (31)
attempted intercalation of the light fluoride ion and demonstrated charge
storage capacities of over 3000 coulombs/g of graphite with 100% coulom-
bic efficiency above 3.0 V potential (measured with respect to a lithium
wire reference electrode). Two discharge plateaus were observed, one
above 4.2 V characteristic of perchlorate intercalation (10) and the
other above 3.0 V typical of Li/CFx primary batteries (6, 7). Two

reactions have been suggested. i

xn LiF+nC =+ ani"+(CFx)n+xne
LiCl0, +nC =~ L'+ cClo, + e
Since both reactions involve only one electron being transferred, the
charge storage capacity of 3000 coulombs/g of graphite implies that less 3
than 3 carbon atoms are required per anion intercalated. Another impli-
cation is that the specific energy density can be projected to be 250
Wh/Kg at a 3.0 V discharge potential if graphite is assumed to constitute
10% of the weight of the battery.

Hebbar did not investigate the possible role of the solvent in the

cell reactions. The exact stoichiometry of the intercalation was not

determined. With a view to ascertaining the exact nature of cell reactions

J




and the involvement of the solvent (DMSU) and the electrolyte (LiClO4),
they were substituted with an alternate solvent (propylene carbonate-PC)
and an alternate electrolyte (lithium tetrafluoroborate-LiBF4) in
successive experiments of this study. Possible specificity of cell per-
formance to LiF or graphite used in the positive electrode was investi-
gated by not using one or both of these components in some experiments.
Experiments were performed to determine the maximum operating current
density and establish the feasibility of using thin electrodes. Elec-
trode thickness and operating current density are important parameters
of the power density of a battery. Hebbar (31) had shown that the
charge recovered at the 3.0 V plateau was at least fifteen times as large

as the 4.0 V plateau. Results of Dunning et al (10), based on the higher

plateau, were therefore reexamined with the focus on the 3.0 V plateau
and the possible participation of solvent in the reactions occuring

in the cell during cycling.




Chapter 2
EXPERIMENTAL

Materials

Dimethylsulfite (DMSU) and propylene carbonate (PC) were the aprotic
solvents used. DMSU was purchased from Pacific Chemical Company,
Hawthorne, California. It was vacuum distilled in the apparatus des-
cribed by Tiedemann (32) to reduce its water content to less than 50 ppm
as determined by the Karl Fischer technique. PC was supplied by Eastern
Organic Chemicals, Rochester, New York, and was used as received. Both
solvents were stirred with lithium chips for 48 to 72 hours and filtered
before using them to prepare solutions.

Lithium perchlorate (LiC104) and lithium tetrafluoroborate (LiBF4)
were used as electrolytes. Pure LiClO4 purchased from K and K Labs,
Irvine, California was vacuum dried just below the melting point (235°C)
at 40 uHg pressure. Batches of 25-30 g of LiClO4 each were dried and
ground in a petri dish three or four times. Ultrapure LiClO4 received
from Anderson Physics Labs, Urbana, Illinois was used as received.

LiBF4 supplied by Foote Mineral Company, Exton, Pennsylvania was repeatedly
heated in vacuo at 120°C and 50 pHg for six hours and powdered until the
salt remained free flowing at the end of vacuum heating.

Lithium ribbon used for the negative as well as the reference
electrodes was supplied by the Foote Mineral Company, Exton, Pennsylvania.
The ribbon was 5 cm wide and 0.4 mm thick. It was packed in dry Argon
gas.

Purified graphite powder (99.95% pure, 0.8 y in size) made from

natural Madagascar graphite was used for forming positive electrodes.




It was received from Asbury Graphite Mills Inc., Oakland, California.

Lithium fluoride (LiF) tested as an additive to the positive elec-

trode was acquired from J. T. Baker Co., Philipsberg, New Jersey. LiF
was vacuum dried at 800°C and 50 utlg for six hours.

Graphite glue and teflon moulding powder were used as binders in
the preparation of the positive electrodes. Union Carbide Carbon Pro- 3
ducts Division, New York, New York supplied National C-34 graphite glue.
The glue comes in two parts; a fine black powder and a dark liquid, which

must be used together. Teflon moulding powder was acquired from Liquid

Nitrogen Processing Corporation, Santa Ana, California. It is a fine

(200 mesh) white powder.

Carbon Cloth and titanium foil were used as current collectors.
Carbon cloth was received from Union Carbide Carbon Products Division,

New York, New York. It is also called graphite cloth because it is pre-

pared by graphitising a woven fabric. The cloth is 0.2 to 0.4 mm thick.
It was treated with acetone in a Soxhlet extractor before use. Titanium
foil, 0.03 mm thick was purchased from Teledyne Rodney Metals, Pico
Rivera, California.

Apparatus

All experiments were performed in a dry box supplied by Vacuum/

Atmospheres Corporation. Hebarr (31) has described the dry box in

detail. Since then, a vacuum oven, Model VT 13-24-6, has been added.
This oven, attached to the dry box, is a fully water-jacketed, stainless *
steel vacuum vessel with internally mounted radiant heaters and stain-

less steel reflectors. It can be heated up to 600°C and evacuated down

to 50 uHg. The oven is used for outgassing and drying. It is equipped




with a proportional temperature controller and temperature and pressure
gages. Drying of electrolytic salts and preparation of the electrolytic
solution arc carried out inside the dry box.

Experiments were performed in H-cells because such a cell design
helped isolate the positive and negative electrodes, along with their
respective solutions. All changes occurring at the two electrodes
could be observed continuously, clearly and separately in this cell
configuration. The H-cell, shown in Figure 1, has two vessels, each
2.5 cm in diameter, connected by a limb 1.25 cm in diameter. Isolation
of the two compartments is achieved by a Corning fine size (5u pores)
glass frit mounted in the middle of the connecting limb. Two poly-
ethylene stoppers were used to minimize the solvent losses by evapora-
tion. All electrode leads were drawn out from the top, between the
stopper and the glass well. Consequently the stoppers did not provide
a hermetic seal. The two electrodes were held down flat at the bottom
of the two compartments by glass sleeves 2 cm in diameter and 1.25 cm

high. The sleeves were designed so as not to block the current path

through the connecting limb. When the cell was filled, the liquid sur- 1
face was kept just above the connecting limb; each vessel of the H-cell

contains about 10 cc of solution at that level.

Figure 2 shows the electrical circuit in which the cell was charged i
and discharged. The circuit consisted of a power source (two lead acid
batteries in series), a variable resistance box, Heathkit Model IN-11,
an ammeter, Simpson Model 260 Volt-ohm-millammeter, and a digital
coulometer, Koslow Scientific Company Model 541, all connected in series

with the experimental cell. An electrometer, Keithley Model 610 B, was




"9P043IB|3 BALILSOd Ol "PES| BJUBUIIDY ‘6 "9POUIIILI IIUIIISAY ‘8 °pedy|
SAL31SOd °[ °9pO4III|I 3ALIeBAN ‘9 "IABILS SSRIY G *SIPOJIIA(d 93J4Yy3 8y 404
sysew audjAdoudhlod *p -ped| aaLjebaN ‘g *saaddoys US| AY3ak|04 ‘2 31144 sselg | :puabaq

.

*sjuswiaadxd ||e ul pasn [(83-H Byp | wg:m_u

NOILD3S SSO0¥D NOILJ3S SSOM)D
ANINLYVYANOD 3AILISOd LINIALYVGNOD SALLVON

L e 0N

10




*Buibarydsip pue Buibaeyd 404 weabelp 3ENO4LI |POLUIIB[T 2 34nbid

T3
+ -
._“ <334
[ -
A XTI
313W0N10313 -
Y30¥003Y
ONIOYVHISIO ONIENG
NOLLISOd HOLMS
= — %»m ¥313W0TN02
ONIOYVHD ONI¥NG .
NOILISOd HOLIMS
JOUVHISIONO & - = ——m == q
S3NILINDS Q3SSYd A8 f._____._
354N0S
H3MOd




connected in parallel to the cell for potential measurements. The
measured potentials were recorded on a Sargent recorder, Model SR.
During discharge on some runs, the cell was not driven by the batteries,
which were bypassed as shown by dotted lines in Figure 2.

X-ray powder diffraction patterns were obtained on the Norelco
X-ray diffractometer using Cu radiation and a Ni filter. Perkin Elmer
spectrophotometer, Model 421, was used for IR analysis and Perkin Elmer
chromatograph, Model 880, provided with a hot wire detector accesory,
Model 800, was used for chromatogrphic analysis of the solution.

Preparation of positive electrodes

Positive electrodes of three types were tested: pyrolyzed, pressed,
and cloth electrodes.

Pyrolyzed electrodes were made using the graphite glue. The pow-
der part of the glue was intimately mixed with twice its weight of
graphite. 1In one electrode no graphite was added whereas in another
LiF was added to the mixture of graphite and glue. The other part of
the glue, the dark liquid, was added to the mixture to form a viscous
paste. The paste was then spread on the carbon cloth and pressed

between two steel plates to form a disk 1 mm or less thick. The disk,

still held between the steel plates, was fired in an inert atmosphere
of pure Argon at 800°C for at least six hours. The electrode was
pyrolyzed to a solid, brittle, porous disk adhering very well to the
carbon cloth. The disc separates easily from the confining steel
plates. The resistance of these electrodes was generally around 5 ohms.
The surface was rough and dull.

The pressed electrodes contained teflon moulding powder as the ﬂ

12
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binder. They were formed by intimately mixing equal weights of graphite
and the moulding powder and hot pressing the mixture on to the carbon
cloth or perforated titanium foil used as the current conductor. Hot
pressing was performed with a hydraulic press at 8000 psi and 100°C.
The electrode thus formed was a solid, fragile, porous disk, less than
1 mm thick. Adherence to titantium was satisfactory but was poor in the
case of carbon cloth. Predictably, the electrode with titanium backing
plate had a smaller resistance (5 ohms) than the carbon cloth backed
electrode (8 ohms). The teflon in the electrodes is considered inert.
The electrode surface was smooth and shiny.

Carbon cloth used as a current collector in the other two types of
electrode, was used as the positive electrode by itself. Strips of the
cloth washed with freshly distilled acetone were used.

Assembling the cell

Cells were always assembled in the discharged state. The positive
electrode, prepared as above, was placed in the H-cell and dried under
vacuum, at 50u Hg and 120°C, for six hours in the vacuum oven attached
to the dry box. A thin strip of lithium was inserted as the reference
electrode in the compartment that contained the positive electrode. 1In
the other compartment, a lithium strip (0.5 cm wide), with a circle
(2.5 cm in diameter) attached at one end, was inserted such that the
circle covered the bottom of the compartment; this was the negative
electrode. Glass sleeves were slipped into each compartment to hold
the electrodes down. The cell was then filled with the electrolytic
solution until the connecting limb was just submerged fully. Gas

bubbles trapped under the electrodes and between electrode leads, glass

13

Cmtaa.

e At b st o




sleeve and the wall were shaken free. Strips of polypropylene sheet

were slipped over all electrode leads to prevent a direct path to them

for the current. Thus, the current was forced to take the path from
the bottom of one compartment to the other through the glass frit.

Charging and discharging

Galvanostatic charging and discharging was accomplished in the

electrical circuit shown. Various coulombic extents (time periods) and
rates of charging were used. The open circuit potential was observed,
and the measured potentials were recorded versus time during both
charging and discharging.

Generally, the cycled cells were of the type

Li/LiCl0,, DMSU/Graphite positive electrode

4’
but some components were substituted. Propylene carbonate was another
solvent used and LiBrh the substitute electrolyte. Carbon cloth and
titaniuﬁ were used as the current collector at the positive electrode.
In one experiment LiF was used as an additive in the graphite positive
electrode while in another an electrode containing only graphite glue
on carbon cloth was used. In a pair of experiments, the positive
electrode consisted of either carbon cloth or platinum foil by itself.

In all experiments lithium was used as the substrate for lithium deposi-

tion at the negative electrode.

14




Chapter 3
RESULTS

Measurements and Observations

Preliminary experiments were performed to study the structural
changes occurring in pyrolyzed (containing graphite glue as binder) and
pressed (bonded by teflon moulding powder) graphite positive electrodes
upon repeated cycling, and, to select the structurally more stable
electrode of the two. In another experiment, the effectiveness of LiF
as a positive electrode additive was tested. The main study was intended
to demonstrate the reversible electrical storage capacity of the Li/

LiC10,, DMSU/Graphite battery system and to determine the effect of

4’
charging and discharging rates (current) on the performance of this
battery system. In addition, specificity of the observed performance
to the solvent, the electrolyte, the graphite, and the backing material
used in the positive electrode was examined by replacing each one of
them in turn in successive experiments. Infra red, X-ray powder diffrac-
tion, and chromatographic analyses were performed on samples from cycled
cells to identify the products of the charging and discharging reaction.
The data gathered from the various experiments consisted of the
following observations and measurements: 1) The open circuit potential
of the cell when assembled or 30 seconds after an interruption in charg-
ing or discharging, denoted by Vo; 2) The open circuit potential of
the cell after several hours of interruption in charging or discharging,
called the wet stand potential and denoted by Vé; 3) The cell potential
during charging or discharging, measured as the potential of a lithium

negative electrode versus the positive electrode and denoted by Vs
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4) The potential of a lithium wire reference electrode located as shown
in Figure 1 versus the positive electrode, denoted by VZ; 5) The charge
stored in the cell during charging, denoted by Qin; 6) The charge
recovered from the cell with V2 above 4.0 V, denoted by Q4V; 7) The
charge recovered from the cell above the cut-off voltage, Vf, denoted
by QVf (includes Q4v); 8) The operating current, denoted by I; and 9)
The resistance of the positive electrode measured between a point on
the porous disc and a point at the end of the electrode lead.

All or some of the above are included in the results. All poten-
tial measurements were made with the positive electrode of the cell
grounded. The measured values have been multiplied by -1 and then
reported, so that the reported values conform to the usual sign conven-
tion.

Results for all experiments are presented in the form of charge-
discharge characteristics. Both charging and discharging were galvano-
static. Charge-discharge characteristics are plots of the observed
values of V2 for corresponding values of the charge stored during
charging (Qin) or the charge recovered during discharging (Qvf). While
V, is expressed in milliequivalents (mEq or 10-3Eq). Values of V, and

2 0

Vé are also plotted along with these characteristics. {

Discharge runs were terminated in most cases when V2 reached the

predetermined cut-off potential, Vf, selected to be lower than the open
circuit potential of the cell when assembled. Sometimes discharge was
continued until V2 exhibited a rapid drop.

Preliminary experiments

Electrodes prepared by two different techniques, pyrolyzing and




r T

pressing, were tested for structural stability after repeated cycling

in the cells of the type Li/LiC104, DMSU/Graphite positive electrode.

Figure 3 shows the typical charge-discharge characteristics for cell 1
containing a pyrolyzed graphite positive electrode whereas Figure 4
shows those for cell 2 containing a pressed graphite positive electrode.
It is seen that for both the cells charging occurred with V2 at 4.90 V
and discharging with V2 at 3.00 V. Reversible charge storage in both
cells was in the 2 to 3 mEq range with 100% coulombic efficiency above
Vf=2.50 V. Both pyrolyzed electrodes swelled during the charging run

of the initial two or three cycles. The pyrolyzed electrode remained

rigid and hard. The adherence of the porous carbon disk to the carbon

cloth (backing material) was good, after six cycles. The pressed
electrode, on the other hand, was very soft at the end of five cycles.
Adherence of the porous disk to the carbon cloth was poor to start with.
Thus, the pyrolyzed electrode appeared to be structurally more stable
than the pressed electrode on repeated cycling.

Carbon cloth was used as the current collector in the above experi-
ments. The carbon cloth showed no signs of being chemically changed
after repeated cycling. But, carbon cloth is an unlikely choice for
current collector in commercial applications, because it shreds easily
and has no rigidity. These mechanical shortcomings can be avoided by
using a metallic current collector. Hebbar (31) successfully used
platinum as current collector in his test cells. However, the prohi-
bitive cost of platinum precludes its use in actual commercial batteries.
Titanium was tested as a possible current collector. A positive elec-

trode prepared by pressing a mixture of graphite and teflon moulding
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powder on two sides of perforated titanium foil was used for the pur-
pose. In the first cycle (Figure 5) the cell (cell 2a) charged at a
high potential (V2=5.45 V compared to V2-4.90 V when carbon cloth was
used). On discharge the potential (VZ) dropped rapidly. When V_ was

2
at 2.00 v, only 0.07 mEq had been recovered which meant a coulombic
efficiency of 20%. Within 24 hours of assembling the cell and before the
next cycle could be started, the titanium lead from the positive elec-
trode was found to have corroded away. The inability of titanium to
remain chemically inert in the cell, coupled with the poor performance
of the positive electrode containing titanium, was considered evidence

that titanium is wunsuitable as current collector in the battery system

being investigated. Therefore, carbon cloth was used as the current

collector in all later experiments.

Improvement in the reversible electrical storage of the battery
upon use in LiF in the positive electrode was tested in another experi-
ment. A cell (cell 1a) with a pyrolyzed graphite positive electrode
containing LiF was cycled. Typical charge-discharge characteristics
are shown in Figure 6. Charging and discharging plateaus are almost

the same as those in Figure 3 and 4. One differerc< is the longer upper

plateau (V2>4.00 V) in Figure 6, which represents the fourth charge-
discharge cycle. On earlier cycles this plateau was even longer, but
on later cycles it was not observed. Therefore, the 4.00 V plateau is i
not considered a significant difference. On the whole, the fact that
the charging and discharging potentials were the same in the presence
or absence of LiF, suggests that the involvement of LiF in the positive

half-cell reactions and its (LiF) contribution to battery performance

20
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is negligible.

Performance of the Li/LiCl0,, DMSU/Graphite Battery System

I. Demonstration of reversible electrical storage capacity:

Data from charge-discharge cycles

In this experiment, the positive electrode was of the pyrolyzed
graphite type. The electrode weighed 0.7245 g of which the carbon cloth
constituted 0.3735 g and graphite 0.2318 g, the rest being pyrolized
graphite glue. Initial thickness of the electrode was 1 mm and the
diameter 2.0 cm. The electrode had a resistance of 1.0 Ohm. The
LiC104-DMSU solution filled in the cell contained 1.04 moles LiC104/
1000 ml of solution. When the cell was filled, its open circuit poten-
tial, VO’ was 2.70 V.

The cell was cycled four times. On each cycle, a larger amount of
charge was stored than on the previous cycle. The charge-discharge
characteristics for the four cycles are shown in Figures 7, 8, 9 and 10.
Charging and discharging was carried out at 3.20 mA (1 nmlcmz) on the
first cycle and 6.3 mA (2 mA/cmz) on cycles 2, 3 and 4. On cycle 2
current was increased to 10 mA for short intervals.

Charging runs on all four cycles exhibited very flat plateaus. On

the first cycle V_, attained its peak value, 4.83 V, gradually. On

2
later cycles, with a higher current, the peak value was attained
quickly. Typically, the VO curve is parallel to the V2 curve except

at the beginning of the charging run. The difference V2-Vo represents
the overpotential at the positive electrode during charging. This
overpotential was smaller on the first cycle because of the lower current.

Discharging was started immediately after charging was stopped on

23
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the first and fourth cycles, whereas on the other two cycles 10 and 12
hours of wet standing on charge was allowed. On the first cycle, two
discharge plateaus were observed, one with V,> 4.00 V and the other with
V2 between 3.00 and 2.80 V. Typically, the higher plateau was not ob-
served after the first one or two cycles depending on how deep the cycles
were. The higher plateau was not observed on cycle 4. If the cell was
allowed to stand on charge, the 4.00 V plateau was not observed at all,
as on cycles 2 and 3.

Discharge was continued on all four cycles to a cut off voltage,
Vf = 2.50 V. The coulombic efficiency on the first cycle exceeded 100%.
The excess charge recovered was perhaps due to simultaneous discharge of
impurities absorbed on the materials used in the fabrication of the pos-
itive electrode. Predictably, coulombic efficiency did not exceed 100%
on the later cycles as the impurities were completely discharged during

the first cycle. V0 followed V, closely on the discharge runs, but the

2

overpotential at the positive electrode, represented by V -VZ, was

0

greater than the overpotential, VZ-VO, during charging. In the begin-

ning of the first cycle, V during the charging run was larger than

270,

VO-V2 on discharging, but decreased as the run progressed. When V2 had

attained its peak value on charging, V2V0 was indeed smaller than VO-V2
on discharging.

Ohmic losses due to the internal resistance of the cell were typic-
ally 0.75 V/mA at the beginning of the experiment and increased to 1.15

V/mA as the cell was cycled. Ohmic losses are calculated by taking the

difference between the cell potential v and the potential V,, and divi-

ding it by the operating current. The ohmic losses are equivalent to




an internal resistance of 750 to 1150 ohms. The internal resistance is
certainly high. But that is an artifact of the H-cell design where the
electrodes are isolated in the two compartments. The cell potential V1
ranged from 7.30 V to 12.10 V on charging and between -0.03 V to -4.20 V
depending on the operating current and the stage of cycling.

The discharge run was interrupted on the third and fourth cycles
for several hours. On every occasion, the open circuit potential of the
cell was found to have drifted up to V6 = 3.75 V. On the other hand,
when the cell was allowed to stand on charge after the charging run
(on cycles 2 and 3), the open circuit potential was found to have
drifted down to V6 = 3,75 V. Thus, after long periods of wet stand, the
open circuit potential of the cell was found to attain 3.75 V reversi-
bly. The discharge characteristics were not affected by these long in-
terruptions as is evident from the continuous nature of discharge curves
in Figures 9 and 10. The absence of discontinuities in the discharge
curves in spite of the extended periods of wet stand is indicative of
shelf life capability of the battery.

The amount of charge recovered during the discharge run on the four
cycles is comparable to that achieved by Hebbar (31) and much greater
than Dunning et al (10). Expressed in terms of coulombs per gram of
graphite, the reversible electrical storage on the four cycles is
658.3, 1500.0, 2164.8 and 3541.7. 1If all the carbon in the electrode
that is immersed in the solution contributes to the electrical storage,
the weight of the glue and the part of the carbon cloth submerged in the

solution must be added to the weight of graphite to give the '"total" car-

bon content of the electrode, which was 0.5751 g (approximately 60% of




=L TR

the cloth was immersed in the solution). The reversible electrical stor-
age capacity on the four cycles was therefore 268.8, 612.8, 883.8 and
1446.0 coulombs/g "total' carbon. Before projections of energy density
are made on the basis of coulombs/g ''total" carbon could be made, it was
necessary to determine if the electrical storage capacity was limited by
the amount of graphite or ''total' carbon in the positive electrode.
Nevertheless, sustained discharge for 36 hours at a current density of

2 mA/cm2 and above V. = 2.00 V is large compared to 1 hour at 2 mA/cm2

f
and 4.0 V reported by Dunning et al. (10).

It is seen from Figures 7 through 10, and even in Figures 3 through

6, that the difference between V_, on charging and V2 on discharging was

2
as much as 2.50 V. Of this potential difference up to 0.30 V was the

overpotential on charging and up to 0.40 V on discharging. The remaining

gap of between 1.70 ta .2.00 V, the difference between V_ on charging and

0
V_ on discharging, is an irreversibility that implies poor energy effi-

0

ciency. Since 100% coulombic efficiency has been achieved, a charging

potential of 4.90 V and an average discharging potential of 2.80 V

(values of Vz) mean the energy efficiency is 57%. The stable reversible

electrode potential obtained after several hours of interruptions in ]

charging or discharging, V! = 3.75, lies approximately midway between

0
V0 on charging (4.70 V) and V0 on discharging (3.00 V). Although the

reason for the 0.75 to 1.00 V irreversibility on both sides is not well
understood, one possibility is that the positive half-cell reaction has

a low exchange current density on the electrode surface. 1

Physical changes during charge discharge cycles

A primary advantage of performing experiments in an H-cell is the

30




ability to observe independently the changes occurring in the two half-
cells. C(Changes observed in the positive clectrode. the negative elec
trode, and the solution in both half-cells are considered twportant in
explaining the performance of the cell and are described below.

The carbon disk of the positive electrode swelled on charging. By
the end of the fourth cycle, the electrode which was 1 ma thick in the
beginning had swollen to 5 mm. It was rigid and hard. Adherence to the
carbon cloth was very good. Resistance was found to be 3 ohms. The
surface of the electrode was covered by a thin layer of a whitish, slimy
deposit. Underneath the white deposit, the surface of the carbon disk
appeared to be rough and was colored dull grey. The swelling of the
electrode was very rapid in the first two cycles. On the last two cycles,
the electrode did not swell much, if at all.

During the charging run of the first cycle, the solution in the
positive half-cell gradually turned dark brown. The brown substance ap-
peared to slowly diffuse through the separating porous glass frit into
the negative half-cell. During the discharging run the diffusion seemed
to have been accelerated. By the end of the discharging run, the solu-
tion in the positive half-cell had turned a very pale yellow while the
solution in the negative half-cell was dark brown. On later cycles, there
was no change in the appearance of the solution in either half-cell. The
production of the brown substance thus appeared to be limited suggesting
that it might be an impurity effect. A similar impurity effect was ob-
served in all preliminary experiments. The dark brown solution in the
negative half-cell prevented clear observation of the deposit on the

negative electrode. Whenever the solution was changed, the impurity
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effect would recur ultimately leaving a clear solution in the positive
half-cell and a dark brown solution in the other. Another result of
changing the solution was a decrease in the internal resistance of the
cell from about 1150 ohms to about 750 ohms. However, the internal re-
sistance increased as the solution in the negative half-cell turned
brown again. In all these experiments, LiClOa obtained from K & K
Labs, California, was used.

The deposit on the negative electrode could be seen during the
first cycle. It was dendritic in nature and appeared to be adhering
very weakly to the lithium substrate. In some of the preliminary ex-~
periments, the deposits were observed to break away upon shaking the
cell. During the discharging run, as the solution in the negative half-
cell turned darker, the dendritic lithium deposit appeared to turn into
a gelatinous floc. As a result .the solution became almost opaque. The
floc appeared to increase on further cycling and it was impossible even
to detect changes in either the lithium deposit or the solution itself
in the negative half-cell.

Gasing was not observed during cycles that were short, like cycles
1 and 2. However, towards the end of the charging run on the fourth
cycle bubbling was steady. It appeared thqt the lithium wire of the
reference electrode was reacting with the solution. Indeed, twice dur-
ing the 36-hour discharging run, fresh lithium wire had to be used in
place of an 0ld one which had reacted away. Some gasing was observed
during the third cycle also but it appeared to stop after the discharging
run was started.

The physical changes observed during the four cycles of this ex-
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periment, and described above, are typical of such cells and have been

observed in all the experiments performed on the cells.

II. Effect of operating current:

One of the measures of performance of batteries is specific power
density. One of the variables that determine the power density is the
current at which the battery is operated. To study the effect of op~
erating current on cell performance cells of the type Li/LiClOA,
DMSU/Graphite positive (pyrolyzed) electrode were cycled at different
currents and the corresponding charging and discharging potentials (Vz)
and the coulombic efficiency were observed as indicators of performance.

A trial experiment was performed using a recycled electrode.

The electrode was cycled six times in the preliminary experiment de~
scribed earliér (typical cycling characteristics shown in Figure 3)

and thereafter dried by exposure to the atmosphere in the dry box for
three days. Then it was used in this experiment in a cell (cell &)
containing fresh solution. The cell was cycled successively at 6.3,
10.0, 16.0, 20.0 and finally 6.3 mA. The main experiment was performed
using a fresh electrode and an electrolytic solution containing ultra-

pure LiCl10 The cell was cycled successively at 3.2, 6.3, 10.0, 16.0,

4
30.0 and 6.3 mA. Upon cycling this cell (cell 5), the positive elcc-
trode swelled from an initial thickness of 0.10 cm to 0.60 cm, and the
solution in both the half-cells turned very pale yellow. In the trial
experiment, the recycled positive electrode swelled from an initial
0.40 cm to 0.50 cm. At the end of the cycling, the solution in the

positive half-cell became pale yellow after turning dark brown earlier

and the solution in the negative half-cell was dark brown and opaque.
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Differences in these two experiments were not restricted to ob-
served physical changes alone. In the trial experiment, the charging
and discharging runs were limited to a fixed duration, three hours, and
a different amount of charge in proportion to the operating current,
was stored in each cycle. In the main experiment, the charging runs
were confined to a fixed amount of charge, about 3.6 mEq, and the dura-
tion of the cycles differed.

The effect of operating current on coulombic efficiency is shown
in Figure 11 in which the coulombic efficiency is plotted against
operating current density. Coulombic efficiency is based on a cut off

potential of V_ = 2.00 V and current density on the area of the top

f
surface of the positive electrode, 3.14 cm?, One hundred percent
coulombic efficiengy was achieved in both experiments at current den-
sities up to 2 mA/cmZ. Thereafter, coulombic efficiency dropped for
increasing current densities. The curve appeared to level off at cur-
rent densities above 6 mA/cmz, and a minimum coulombic efficiency in
the 35 to 40% neighborhood seems achievable even at current densities
higher than 10 mA/cm2.

Changes in V2 during both charging and discharging, corresponding
to changes in the operating currents,are shown in Figure 12. Values of
V2 for the charging run are direct experimental data since the plateaus
for V2 were flat for most of the charging run. During the discharging
run however, the plateaus for V2 were not as flat, especially at higher
operating currents. So the values for V2 that have been plotted are

average values of V, for the discharging run. The average values were

2
determined by taking a time-average of the raw data for V2. In both
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Figure 11. Effect of operating current density on coulombic effi-
ciency (based on a cut-off potential of V¢ = 2.0V).

Particulars of the two experiments:

TRIAL EXPERIMENT

10

2
MAIN EXPERIMENT

Pyrolized graphite positivé electrode:

History

Weight of electrode q.
Weight of carbon cloth 9.
Graphite content g.
Area of top surface $q.Cm.
Swelling, from-,to cm.
Resistance ohms .

Electrolyte source
Brown substance observed
Restriction on charging runs

Recycled
0.5468
0.3893
0.1040
3.14

0.4 to 0.5
5.0

K&K Labs
Yes

Duration,3 hours
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Fresh
0.7048
0.5032
0.1332
3.14

0.1 to 0.6
3.0

Anderson
No

Charge, 3.6mEq.
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Figure 12. Effect of operating current density on the potential of the -
positive electrode versus the lithium wire reference electrode, VZ’ during
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the charging and discharging runs.

Particulars of the two experiments: 1 2

TRIAL EXPERIMENT MAIN EXPERIMENT

Pyrolized graphite positive electrode:

History Recycled Fresh
Weight of electrode g. 0.5468 0.7048
Weight of carbon cloth g. 0.3893 0.5032
Graphite content g. 0.1040 0.1332
Area of top surface sq.cm. 3.14 . 3.14
Swelling, from-,to cm. 0.4 to 0.5 0.1 to 0.6
Resistance ohms. 5.0 3.0
Electrolyte source K & K Labs Anderson
Brown sustance observed Yes No

Restriction on charging runs Duration,3 hours Charge,3.6mEq.




experiments, the rate of increase in V2 with current density on charging
is slower than the rate of decrease in V2 on discharging. In the trial
experiment, V2 increased by 0.15 V on charging and decreased by 0.20 V
on discharging over the same range (2.0 to 6.4 mA/cmz) of current den-
sities. In the main experiment, V2 increased by 0.20 V on charging and
decreased by 0.35 V during discharging over the 2.0 to 10.0 mA/cm2
range of current densities. The difference between values of V2 on
charging and discharging (up to 2.80 V in the trial experiment and 2.4QV
in the main experiment) includes the overpotentials at the positive elec-
trode during charging and discharging (together equal to 0.70V) and
the 1.50 V to 2.00 V unexplained irreversibility mentioned earlier.

Coulombic efficiency was lower in the trial experiment than in the
main experiment for all current densities greater than 2 mA/cmz, and
the difference between values of V2 on charging and discharging was
greater in the trial experiment than in the main one. The relatively
poor performance in the trial experiment is believed to be largely due
to the recyclad positive electrode. The effect of the other two dif=~
ferences pointed out earlier, the brown substance impurity effect and
the extent of charging runs, on the two observed indicators of cell
performance is considered to be insignificant. The recycled electrode
had a higher resistance (5.00 ohms compared to 1 ohm) than the fresh
electrode and the consequent higher overpotential could have led to the
observed poor performance.

It must be pointed out that in both experiments, one cycle was

carried out at 6.3 mA after operating at higher currents, and the

coulombic efficiency was again 100%. Charging and discharging potentials
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(V2) were the same as those obtained in the earlier cycle at 6.3 mA.

The solution in the cell did not turn brown in the main experiment.
In all earlier experiments the solution in the negative half-cell was
dark brown and opaque. Therefore, the changes occurring on the negative
electrode and in the negative half-cell were clearly observed for the
first time. The dendritic deposits of lithium on the negative electrode
were found to turn into a white floc upon wet standing on charge and
during the discharging run. It seems reasonably certain that the
brown floc observed in earlier experiments was actually the same white
floc which appeared brown because the solution was colored. The trans-
formation of lithium deposits to white floc agrees with the observation
of Selim and Bro (28). Since lithium itself was used as the substrate
for lithium deposition at the negative electrode, the cell capacity
was not limited by lithium. Therefore, the spontaneous conversion of
lithium deposits did not result in the loss of capacity. However, in
view of this observation, questions of solvent compatibility arise
necessitating investigation of the specificity of the observed perfor-
mance to the solvent, DMSU.

The absence of the undesirable impurity that led to the formation
of the brown substance in the electrolytic solution is due to the use

of ultrapure LiCl0, acquired from Anderson Physical Labs, Illinois, in

4

place of pure LiC10, purchased from K and K Labs, California, which

4

appears to have been the source of impurity.
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Specificity of the Observed Performance of the Lithium Graphite

Battery System to its Components

I. Electrolyte and solvent:
Performance of the Li/Electrolyte, Solvent/Pyrolyzed Graphite-

positive battery system using LiC1l0,-DMSU electrolytic solution (cell

4

3) has been described above. The specificity of that performance to

either LiClO4 or DMSU was tested in three experiments in which either

or both of these components of the electrolytic solution were replaced.
In one of the experiments, propylene carbonate (PC) was substituted

for DMSU as solvent. LiClO4 was used as electrolyte in this cell (cell

6). The concentration of the LiClOa-PC solution in the cell was 0.89

moles L1C104/1000 ml solution and the open circuit potential when the

cell was assembled was 2.00 V. Charge discharge curves for the cell

are shown in Figures 13, 14, 15, 16 and 17. As the cell was cycled,

the cell performance improved in that, on any cycle, coulombic efficiency

was higher and the plateau for V, during the discharging run was flatter

2
than on the previous cycle. One exception was cycle 4 (Fi,ure 16) on
which the coulombic efficiency of 58.5% was higher than the 45.2%
achieved on cycle 5 (Figure 17), above a cut-off potential of V%= 2.00vV.
The largest charge was recovered on cycle 5 with Q2V = 2.26 mEq. Very
little charge, 0.05 mEq on cycles 2 and 4 (Figures 14 and 16), was re-
covered with V2 = 4,00 V.

In another experiment, a solution of LiBF, in BMSU (1.03 moles

4
LiBF4/1000 ml solution) was used. Thus, in this cell (cell 7), the
electrolyte of cell 3 was replaced. The open circuit potential of the

cell was 3.00 V when filled. Figures 18, 19, 20, 21 and 22 show the
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Figure 15. Galvanostatic charge-discharge curves for the cell
Li/LiC104, PC (0.B9M)/Graphite + Graphite glue on carbon cloth.
Cycle No. 3. I = 6.3 mA. Qjp = 1.52 mEq. Coulombic Eff. =
33.8% above V¢ = 2.0V. Positive Electrode weight = 0.6260g.
Graphite = ].5809. Carbon cloth = 0.32629. Initial thickness
of carbon disc = 0.10 cm. Top surface area = 3.14 cm2.
Resistance = 1.00 ohm . .
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charge discharge characteristics for the five cycles. During the dis~
charging run, the plateau for V2 was quite flat. The charge recovered
with V2 4.00 V was very small, QAV‘ 0. 08 mEq (Figures 18, 19, 20).
Highest coulombic efficiency, 92% above a cut off potential of Vf-Z.OO
V, was achieved on cycle 2 (Figure 19) and the largest charge was re-
covered on cycle 3 (Figure 20}, Q2v=3.00 mEq.

The third experiment was performed using a LiBFk-PC solution. Thus,
in this cell (cell 8) both the components of the electrolytic solution
used in cell 3 were simultaneously substituted. The solution contained
1.55 moles LiBFhIIOOO ml solution. When filled, the open circuit po-
tential of the cell was 2.90 V. The cell was cycled three times and the
charge discharge curves are shown in Figures 23 and 24. The most
striking feature of this experiment was the low, nonetheless flat,
plateau for V2, 1.50 V, during the discharging run and the high plateau,
5.70 V, during the charging run. In view of the relatively low V2 on
discharging, further study of this cell was discontinued. It must be
added that diécharging was stopped on cycles 1 and 2 when V2 dropped
below 1.50 V fearing solvent decomposition. Hence, the poor coulombic
efficiency reported is not a true representation of performance.

A comparison of some of the operating characteristics of cell 3,

6, 7 and 8 containing different electrolytic solutions is shown 1in Table
2, Although substantial (over 1 mRBq) charge storage has been achieved

in all the cells, the charge storage in cell 3 with the LiCl0,-DMSU

4
solution 1s 2 to 3 times higher. Besides, the coulombic efficiency ob-
tained on cell 3 was much higher in spite of a high cut off potential.

If Vf- 2.50 V was used as the cut off potential for the other cells, the
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TABLE 2. COMPARISON OF OPERATING CHARACTERISTIC 0S LITHIUM-GRAPHITE
CELL SYSTEMS CONTAINING DIFFERENT ELECTROLYTIC SOLUTIONS.
ALL CELLS CONTAINED PYROLIZED GRAPHITE POSTIVE ELECTRODES.
OPERATING @ SOLUTION IN THE CELL O
CHARACTERISTIC ® )
(CURRENT DENSITY 2.0 mA/cmz) LiClO4-DMSU LiC104-PC LiBF4-DMSU LiBF4-PC
(Fig. 12)| (Fig. 17} [ (Fig. 20) | (Fig. 24)
Open circuit potential when
filled Vo,V. 2.70 2.00 3.00 2.90
Steady charging potential Vg V. 5.00 5.90 5.40 5.90
Open circuit potential, 30 secs.| 4.70 5.10 5.00 5.20
after interruption vC v
o’ "’
Steady discharging potentia; 2.85 2.30 2.40 1.50
VZQ v.
Open circuit potential, 30 sec. 3.20 3.00 3.00 2.70
after interruption 0
Vo. V.
Unexplained irreversibility 1.50 2.10 2.00 2.50
ve - P v .
o 0 *
Charge recovered Qv mEq. 8.50 2.26 3.00 1.10
f
with a coulombic efficiency of 95.30% 42.20% 72.30% 50.00%
above a cut-off potential VeoV. 2.50 2.00 2.00 1.25
Open circuit potential upon
wet stand:
after the charging run V.C,v.[ 3.75" 4.40 a.002 | a.35%
during discharging run v.0,v.| 3.70 3.50 3.20 | 3.60
'Fig.10,1] 2ig.19]  HFig.23
rig.21
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coulombic efficiencies would be even lower. The potential V, during the

2
discharging run for cell 3 was the highest among all four cells implying
that cell 3 has the highest theoretical energy density. Cell 3 had the
smallest energy losses represented by vg—vg (from Table 2) and the
smallest unexplained irreversibility, vg-vg. In addition it must be
noted that, upon wet standing, only cell 3 attains a reversible open
circuit potential of about 3.75 V (Vé). Wet standing during discharging
had no noticeable effect on the performance of any of the cells in that
the discharge curves showed no discontinuities. However, after 16 hours

wet standing on charge, coulombic efficiency above V_=2,.00 V was only

2

14.6% for cell 7 and the average V, during the discharging run was

2
1.80 V on cycle 4 (Figure 21) compared to 2.40 V on some other rums.

It might appear that coulombic efficiency was low for cell 8 as well,
after wet standing (Figure 23). But as mentioned earlier, that is an
artificial observation, and should not be considered as a true repre-
sentation of performance.

In the experiment with cell 3, the formation of a brown substance
had interfered with clear observation of the changes occurring in the
cell. In cell 6, the brown substance did appear in the positive half-
cell but did not disperse into the negative half-cell, unlike in cell
3, perhaps due to the difference in solvation and electrophoretic ef-
fects in PC. A similar behavior was observed in cell 8, The occurrence
of the brown substance in cell 8 was surprising because the electrolyte
in that cell was LiBF4 and not the LiClOa which had earlier appeared

to be the source of the impurity leading to the formation of the brown

substance. Accidental contamination of the solution is believed to
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have led to the brown substance in cell 8. In cell 7, the solution
remained pale yellow and did not turn brown.

The absence of the brown substance in the negative half-cell faci-
litated the observation of the lithium deposits during cycling. In all
cells, the lithium deposit was found to be changing into white floc
during wet stand and during discharging. Lithium deposits in cells
containing PC as solvent (cells 6 and 8) were black and not shiny as
in the cells (3 and 7) containing DMSU as solvent. But, in all cases
the deposits were equally dendritic and poorly adhering to the sub-
strate. Since there was no suspension in the positive half-cells, the
positive electrodes were observed to swell upon cycling, in spite of
the brown color of the solutions.

II. Carbon or graphite in the pyrolyzed graphite positive electrode:

Electrical storage capacity of the Lithium-Graphite battery system
has been reported earlier in terms of coulombs/g graphite (10,31).
Projections of the system's energy density have been made based on that
measure of storage capacity. In this study the positive electrodes con-
tained pyrolyzed graphite glue and carbon cloth in addition to natural
graphite. Electrical storage capacities of up to 3541.7 coulombs/g
graphite or up to 1446.0 coulombs/g "total" carbon have been demonstrated.
However, it has not yet been established that the pyrolyzed graphite glue
and the carbon cloth are involved in the reactions at the positive
electrode. Three experiments were performed to establish the need for
graphite in the positive electrode and then the role of the pyrolyzed
glue and carbon cloth in the electrical storage.

In the first experiment, bare platinum was used as the positive
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electrode. The open circuit potential of this cell (cell 9) when

assembled was V0=2.70 V. During charging V2 was 5.60 V and the V2—Vo

overpotential was 1.60 V at a current of 6.3 mA (2 mA/cmZ). Up to 1.1
mEq were put in during the charging runs. When the cell was discharged,
V2 dropped very rapidly and, at best, 20% of the charge put in was

recovered above zero Volts. The maximum coulombic efficiency achieved

was a poor 4.74% above V_=2,50 V. At 6.3 mA (2.0 mA/cmz) the V

£ 02
overpotential was 3.73 V. When the cell was allowed to stand on charge

for 10 hours, the open circuit potential was V)= 3,70 V. No charge

0
was recovered upon discharging the cell. Thus it was clear that platinum
alone is not sufficient to achieve any reasonable charge storage in the
battery.

A positive electrode consisting of pyrolyzed graphite glue on
carbon cloth was used in the cell (cell 10) in another experiment.
Typical charge discharge curves for cell 10 (cycle 2) are shown in
Figure 25. It is seen that 4.2 mEq were recovered with 84X coulombic

efficiency above V_= 2,50 V beyond which the potential dropped rapidly.

f
At a current of 6.3 mA, the discharging run lasted almost 18 hours.

Other operating characteristics are reported in Table 3.

The third experiment was performed on a cell (cell 11) containing
carbon cloth as positive electrode. Discharge curves for the four
cycles on cell 11 are presented in Figure 26. At 6.3 mA, V2 was 5.20 V
during the charging runs in all the cycles. It is interesting that per-
formance during the discharging run improved with cycling. Above a cut

off potential of Vf = 2,50 V, coulombic efficiency on the four cycles

was 20.3, 27.8, 22.3 and 40.6%. The reason for the lower coulombic
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efficiency on cycle 3 than on cycle 2 is not known. On cycle 4, 3.46
mEq were recovered out of the 8.52 mEq stored when discharging was
stopped because the lithium wire of the reference electrode had dissolved
and the internal resistance of the cell had increased to 2.8 Kohm
compared to 1.0 Kohm normally. At that time VO appeared to be holding
steady at 3.20 V and it is possible that more charge could have been
recovered and higher coulombic efficiency could have been achieved above
the cut off potential, if only the salution had not become incompatible
with lithium. At the end of the charging run, solution surfaces in

both compartments were covered with bubbles. During the discharging run,
the bubbling in the positive half-cell had become steady and appeared

to be occurring at the lithium wire of the reference electrode. Bub-
bling continued even when discharging was interrupted overnight. In
addition, the rate of evaporation of solvent in the positive half-cell
appeared to have increased. One week after discharge was stopped, 30%

of the solution in the negative half-cell was lost compared to all the
solvent in the positive half-cell. Bubbling was also observed in cells

3 and 10 (with graphite and glue electrodes respectively) but the ex-
tent and effects (of bubbling) were not so severe.

The operating characteristics of cells 3, 9, 10 and 11 containing
different positive electrodes are compared in Table 3. It is seen that
significant electrical storage was achieved in cells with positive
electrodes containing graphite in one form or the other (cells 3, 10
and 11). Coulombic efficlency was higher and the different operating
potentials were more favorable in cells with positive electrodes con-

taining a porous disk on the carbon cloth. Performance is somewhat
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TABLE 3. COMPARISON OF OPERATING CHARACTERISTICS OF LITHIUM-GRAPHITE
CELL SYSTEMS CONTAIMING DIFFERENT POSITIVE ELECTRODES. ALL
CELLS CONTAINED LiClO4 - DMSU ELECTROLYTIC SOLUTION.

OPERATING MATERIALS IN POSITIVE ELECTRODE
CHARACTERISTIC 2 CARBON  {GLUE ON GRAPHITE AND
(CURRENT DENSITY 2.0 mA/cm™) PT _ ICLOTH CARB. CL. GLUE ON CARB. CL.
® (O ®
Open circuit potential when
filled. Vo, V.| 2.70 [ 2.80 2.90 2.70
Steady charging potential Vs V. | 5.60 | 5.20 4.80 5.00
Open circuit potential 30 secs. 4.00 |4.70 4.70 4.70
after interruption Vo v
Steady discharging potential None 2.55 2.95 2.85
vBv. _

[open circuit potential, 30 None | 3.20 3.15 3.20
secs. after interruption Vo V.
Unexplained irreversibility targe [ 1.50 1.55 1.50

e v

o o -
Charge recovered Qvf mq. 0.02 3.46 4.20 -8.50
with a coulombic effeciency of 4.74% 140.60% | 84.00% 95.30%
above a cut-off potential Vf. v 2.50 2.50 2.50 2.50
Open circuit potential upon wet
stand: ' '

after the charging run Vo .V 3.70 -~ -- -
(]
during discharging run Vo .V .- 3.70 3.80 3.75
(Fig.26)| (Fig.25) (Fig.10,11)
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better for cell 10 (glue) compared to cell 3 (graphite + glue) except
for coulombic efficiency. However, the difference is not significant.
Discharge curves for cell 11 showed no plateau for solvent decom-
position even though discharge was continued until V2 dropped below 1.00
V. To determine the potential at which solvent decomposition takes
place, a cell of the type Li/LiClOA, DMSU/Carbon cloth, not previously
charged, was discharged without being driven and with no external re-
sistance in the circuit except for that of the coulometer and the ammeter.
The cell maintained a potential of V2 = 1.80 V and a current of 1 mA
for over 24 hours. Since the cell was not previously charged and since
no depolarizer was added, the sustained discharge is believed to be
due io decomposition of the solvent. Ultrapure LiClO4 supplied by
Anderson Physical Labs was used in this experiment as well as in the
experiments with cells 9, 10 and 11. In all of these experiments, the
solution in both half-cells was pale yellow. The dark brown color

observed in earlier experiments was not observed at all,.

Analysis of the Solutions and the Positive Electrode

I. Infra-red spectral analysis:
Appearance of the brown color in early experiments in the solutions

containing 1 1C10, acquired from K and K Iabs indicated the possibil-

4
ity that the color was due to the decomposition of the solvent. In
an attempt to determine if the solvent was indeed decomposed during
cycling, smaples of solution from both half-cells of a cell cycled
several times were subjected to IR analysis along with a sample from

the stock solution. It was hoped that comparison of the IR patterns

of different samples would provide a clue to the identity of the brown

61




substance. However, IR patterns for all samples were identical to one
another although the three solutions differed in appearance. The stock
solution was clear, the solution from the positive half-cell was pale
yellow and that from the negative half cell was dark brown. IR pat-
terns for samples of different solutions contained all the peaks ob-
served in the pattern for a sample of the solvent, DMSU. The pattern
for the DMSU sample was similar to the standard Sadtler IR 46100. Thus,
the brown substance, which was soluble in DMSU and could not be filtered
out, apparently could not be detected by IR analysis.

II. X-ray powder diffraction analysis:

X-ray powder diffraction patterns were obtained for dried samples
of positive electrodes from cells la, 3, 6 and 10 at the end of cycling.
These patterns were compared with those for respective control samples
of positive electrodes that were soaked in the same solution but were
not used in any cell. Table 4 shows the relative intensities of peaks
in the patterns for different test samples remaining unidentified
after eliminating the common peaks between the test samples and their
respective control samples. It is seen that peaks for the electrode
from cell 6 (PC as solvent) are different from those of all the other
electrodes which were cycled in cells that contained DMSU as solvent.
The multiplicity of unidentified peaks is quite unexpected because all
principal peaks for the known crystalline substances in the cell like
graphite, LiClOl' and LiF were among the peaks common to test and control
samples. A search of the Fink index for identification of the sub-
stances that contain any combination of the peaks of Table 4 in their

patterns proved fruitless.
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Deposits in the negative electrode, in the form ¢f a gelatinous
floc, were also analyzed by X-ray diffraction. Powder diffraction pat-
terns were obtained for deposits on the negative electrode in cells la
and 3 (deposit was bronw, LiClO4 used in the cell was purchased from

Anderson Physics Labs). All 12 peaks for LiClO, listed in the ASTM

4
card were observed in the patterns of all three samples. Eight more
peaks were observed in the patterns of the three samples which have not
been identified. Table 5 lists the relative intensities of these eight
peaks as observed in the four powder diffraction patterns. It must be
noted that the intensities are lower in the case of cells 5 and 10 in
which ultra-pure LiClOa was used. It is therefore possible that the
eight peaks are due to impurities in LiClOb. But, then the same peaks
(identified by their d values) should have been observed in the patterns
for the positive electrode samples. Yet, there are no common peaks
in Tables 4 and 5. The peaks in Table 5 that are close to those in
Table 4 are ones with d values of 4.04, 3.48 and 2.39. None of the
peaks in Table 5 was among the peaks that were common to the test and
control samples of the positive electrodes and hence have not been
listed.
III. Gas chromatographic analysis:

Chromatographic analysis of the solution in the positive half-~
cell was performed to determine if a new substance was added to the solu-
tion upon charging. Several different columns were tried. The best
identification of a new substance was achieved using a Perkin Elmer

Chrom W column coated with didecyl phthalate. Particulars of the column

and the conditions under which the chromatograms were obtained are
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given in Table 6.

Chromatograms of six different samples, listed in Table 7, were
obtained. All the chromatograms were nearly identical. Three peaks
identified by retention times were of principal interest. Two of these,
occurring at retention times of 20 and 60 seconds were of interest be-
cause of the area under each of these peaks was different for each
sample. The peak with retention time of 20 seconds has been identified
to be that of water. The area under this peak differed for the samples
because of differences in their water content.

The variations in the area under the peak with a retention time of
60 seconds is shown in Table 7. It is seen that the area increased for
samples corresponding to increasing charge stored whereas the peak was
not observed at all for the samples of the DMSU stock solution and the
solution from the discharged cell. By the process of elimination, it
appears that a new substance is indeed added to the solution upon char-
ging the cell and is consumed during the discharging run.

The third peak of interest had a retention time of 100 seconds and
covered a very large area. This peak represents DMSU.

The chromatographic analysis was not pursued beyond obtaining
a qualitative identification of the new substance that is added to the

solution upon charging.
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Jable 6

Chromatographic Analysis of Cell Solutions and Solvent -
Column Particulars and Operating Conditions

Packed Column: Length 6' Diameter 1/8"
Support material: Chrom W Mesh Size 80/100
Coating (Liquid phase): Didecyl Phthalate
Coating weight %: 15%
Recommended temperature: 25°C to 165°C
Perkin Elmer SPO 008-0668

Operating Conditions

Temperatures: Injector 140°¢C Column 100°C Detector 130°C
Filament Current: 150mA; Attenuation 128

Table 7

Chromatographic Analysis of Cell Solutions and Solvent -
Variations in Area under Peak with Retention Time of 60 Seconds

Sample Description Area
1 DMSU solvent Not observed
2 DMSU+L1C104 solution Not observed
3 Cell solution, 1.27x103 equiv stored 0.8 units
4 Cell solution, 3.10x10°3 equiv stored 1.4 units
5 Cell solution, 6.20x10”° equiv stored 3.0 units ‘
6 Cell solution, after discharge Not observed |
67
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Chapter 4

DISCUSSION

Reactions occurring at the positive electrode of the cell Li/LiCl0
DMSU/Graphite were the focus of this study. Nonetheless, the physical
and chemical changes occurring in the cell solution and at the negative
electrode were also observed carefully. Reactants in the charge-dis-
charge processes could possibly be any or all of the materials used,
namely, carbon cloth, carbonized graphite glue, natural graphite powder,

the electrolyte-LiC10,, the solvent-DMSU, and lithium metal. Based on

4
the results reported in the earlier chapter, the involvement of each

of these constituents of the cell and their role in the cell processes
can be explained.

The need for graphite in any form -- natural graphite, carbonized
graphite glue, or carbon cloth -- has been demonstrated by the achieve-~
ment of substantial charge storage in graphite positive electrodes
and the inability of a bare platinum positive electrode to store any
charge (Table 3). Thus graphite appears to be a suitable catalyst
for, and possibly a participant in, the charge storage reactions at the
positive electrode. When the graphite positive electrode consisted
of a porous disk, coulombic efficiencies were higher while other
characteristics were the same as when only carbon cloth constituted
the positive electrode. This improvement in coulombic efficiency is
attributed to better adsorption properties of the powders (carbonized
graphite glue and natural graphite) in the porous disk than those of
the carbon cloth. Between natural graphite and carbonized glue, the

former appears to have better adsorption properties than the latter, as
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indicated by the coulombic efficiencies in Table 3.

The porous disks of natural graphite and/or carbonized graphite
glue in the pyrolyzed positive electrodes have been observed to swell as
much as five times the initial thickness. This swelling may be caused by
the intercalation of either the solvent or the electrolyte anion. A hy-
pothesis for the involvement of DMSU is described later. Intercalation
of perchlorate anions is characterized by the reaction

n C+ LiCl0, + € Clo, + Lit + &
4 n 4

The stoichiometric coefficient may have any value greater than 1. The
nonstoichiometric nature of the intercalation compound may have given
rise to some or all of the unidentified peaks in the X-ray powder dif-
fraction patterns (Table 4). The adsorption properties referred to above
can be thought of as the ability to intercalate the ions in the solution.
It might be recalled (Chapter 1, Introduction) that Dunning et al
(10) have suggested that intercalation of perchlorate anions was the
principal charge storage reaction in the Lithium-Graphite battery.

Hebbar (31) has reported a higher energy density for the same battery

b e

based on intercalation of the lighter fluoride anions as the principal
charge storage reaction. In this study, substantial charge storage
has been achieved using positive electrodes consisting of only carbon
cloth which did not swell during cycling. It follows, therefore, that
a reaction other than intercalation of anion in the graphite is a sig-
nificant part of the charging process. It also appears that at least
one of the products of charging, i.e., a cathode reactant, is solu-
ble in the solution because, near the end of the prolonged charging

runs, the lithium wire of the reference electrode was observed to react
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with the solution resulting in gas evolution. Furthermore, the chroma-
tographic evidence (Table 7) of increasing concentration of a new sub-
stance in the cell solution at successive stages of the charging run,
supports the soluble cathode reactant theory. Such a soluble cathodc
reactant can be either or both electrolyte (LiC104) and solvent (DMSU).
Graphite intercalation compounds are obviously not soluble. Charging
reactions at the cathode are oxidation (deelectronation) processes. It
is unlikely that the perchlorate anion which is already a very strong
oxidizing agent is further oxidized, which leaves DMSU as the only
other possible reactant.

DMSU molecules contain sulfur in the valence state 4. Since valence
state 5 is possible for sulfur and 6 is common, it is reasonable to
expect DMSU to be oxidized during charging. In the process, the oxidation
state of the sulfur atom is raised from 4 to either 5 or 6 as character-

ized by the reactions
+1 -
(CH,0),8 = [(cu30) 2s] + e

+2 -
(CHy0),5 = [(CH3O)ZS] +2e

Lor 2, could be followed by,

Formation of the radical cation, KCH3O)ZS
or coincident with, its ads;rption on, or intercalation in, the graphite
electrode so that the electroneutrality in the solution is not vielated.
Such intercalation of the radical cation on the electrode could cause it
to swell just as considered possible due to the intercalation of perchlor-

ate anions. The electroneutrality of the graphite is maintained by the

adsorption of perchlorate ions along side the radical cations or




excess of the anions in the Gouy double layer. Perchlorate anions are
free in the solution due to the simultaneous depoaition of lithium at
the negative electrode. Some of these may be intercalated in graphite
as described earlier. It is possible that the unadsorbed radical ca-
tions and the free perchlorate anions which balance the charge on each
other in the solution combine to form a neutral charge complex as
per the reaction

[(cH,0) 5] ™ 4 nc10 . [0 ,8] +“(c1o;)‘
where n is either 1 or 2. This complex could also be adsorbed on the
graphite in the positive electrode.

The adsorption of the radical cation on graphite along side the
anion is not unreasonable to expect. McDonnel et al (33) have found that
graphite can take up electrons from potassium atoms to form compounds of
the type C8K. In a similar manner, under the influence of externally
applied potential, graphite can be expected to remove electrons from both
perchlorate anion and the DMSU molecule, to replenish the electrons in
the fused "aromatic" nuclei of the graphite that are conducted away,
during charging, to the negative electrode via the external circuit.

The perchlorate radical, minus its charge, and the DMSU radical cation
are then both adsorbed on the graphite surface or intercalated between
the layers of aromatic nuclei. It is also possible that the perchlorate
anions and the DMSU molecules do not donate their electrons before being
adsorbed but instead share them with the graphite. Adsorption of the
two species might be both catalytic and synergistic, continuously cre~
ating more surface area for further adsorption due to the exfoliation of

graphite accompanying the adsorption. It is also possible that the
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neutral charge complex 18 adsorbed on the graphite surface. In any case,
the capaclty of gpraphite for adsorption 1s eventually exhausted and fur-
ther continuation of the charging run leads to the dissolution of the
neatral charpe complex., When the cadical cations in solution contact

the dlchium wire of rhe reference clectrode, it reacts to form a gsseous
product., The paseous product has not been identified yet.

Perfect or near perfect coulombic efficiency followed by a rapid
drop in potential V2 is considered an indication of the reversibility of
the charging reactions proposed above. Chromatographic evidence (Table
5) showing that the concentration of the "new'" substance is negligible
in the cell rcoluttion after the discharging run and that no "other new"
substance 18 observed further strengthens the theory that the reactions
during the discharging run are indeed reversals of the charging
processes and not formations of more new substances by the decomposition
of the solvent or the clectrolyte. It must be pointed out that solvent
and/or clectrolyte decomposition was found to occur at V2 = 1.80 V with
the current at 1.0 mA whercas the discharging potential in most experi-
ments wag at V2 = 2,90 V with the current at 6.3 mA. The electrode in
both experiments had the same area. Less than 100% coulombic uvfficiency
on diascharging could be due to recaction of the soluble cathode reactant
with the lithium wire of the reference clectrode and mass transfer
Limitations that cause the potential to drop below the cut off potential
Vr before nll the cathode reactants have been utilized completely.

Reaction at the negative electrode on the other hand is simply the

deposition and dissolution of 1ithium,

Lt o+ ('-4%:%%%% 11
dIncharg{ng
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During the discharging run, the dendritic lithium deposits have been
observed to change into a white floc. X-ray powder diffraction patterns

of the deposit indicate that these deposits are LiCl0 If that is the

4°
case, it is implied that as lithium dissolves during discharging, a local

supersaturation of LiCl0, occurs near the negative electrode and the

4
salt is precipitated. Such local supersaturation could be caused by low
transference number of Li+ cations which means that current within the

cell is sustained primarily by perchlorate anions.

The overall cell reactions can then be represented as follows:
chargi
(CH,0) 8 + L1C10, + (x+n) Cﬁ;c—a——ﬁgr_‘—%gt Li + C €10, +
+1 +2
c, [ccn,0) 2s]q + ¢, [(cHy0),8])"

where m>1, gq+r=1 and y+2=x >1.

After the adsorption capacity of the graphite has been exhausted,
the radical cation is formed by deelectronation on the graphite sur-
face and is followed by the combination with perchlorate anions in the
solution to form the neutral charge complex. It might be added that the
overall cell reaction involves 1 electron transfer per perchlorate
anion adsorbed and either 1 or 2 electrons per solvent radical cation
adsorbed.

The suggested involvement of the solvent in the charging process
and the solubility of the resulting cathode reactant in the solution
have significant implications about the limiting role of graphite.
Traditionally, solubility of the cathode reactant has been considered
highly undesirable because it led to self discharge. If that is the

criterion, then the charge storage capacity of the cell is indeed
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limited by the adsorption capacity of the graphite in the positive
electrode for the neutral charge complex and the ions in the solution,
and, may be expressed in terms of coulombs/g graphite. But, if a highly
selective anion exchange membrane is available, then the lithium negative
electrode can be effectively shielded from the radical cation while the
current is maintained by the perchlorate ions shuttling across the
membrane. In that event, the capacity for electrical storage cannot

be based on a unit mass of graphite because graphite would not then be
the limiting reactant. The battery system would thus be viable in spite
of the solubility of the cathode reactant. At least two nonaqueous
lithium secondary battery systems under development have been reported
in the literature that have a soluble positive electrode. Cu(C104)2 and

CuBr, are the soluble positive electrodes (also serving as electrolyte)

2
in one study, in which Dampier et al (34) report 'self discharge was
suppressed by a special protective film formed on the lithium electrode."
The other study has dissolved lithium polysulfides as the soluble
positive electrode (35) but the mechanism of prevention of self dis-
charge has not been indicated. Efforts to find a suitable membrane for
the Lithium-Graphite battery system are now under progress (36).

The substantial charge storage achieved after substitution of
materials is partly explained by the intercalation, in graphite, of the
anion present in the solution. In the cell containing LiBFa- DMSU
solution, solvent involvement, similar to that described earlier, prob-
ably contributes to the charge storage capacity. In the cells using PC

as solvent, however, solvent involvement is not clear. In fact there

might not be any solvent involvement. The lower charge capacities of
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cells 6 and 8 might, therefore, be due to non-involvement of the sol-
vent, with all the demonstrated charge storage capacity representing
anion intercalation. Differences in other operating characteristics
are believed to be due to specificity of the respective characteristics

to both the electrolyte and the solvent.
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Chapter 5

CONCLUSIONS i

The reversible electrical storage capacity of the Li/LiC10,, DMSU/

4’
Graphite secondary cell has been demonstrated to be very high. It
appears that fluoride ions, from the lithium fluoride additive in the
positive electrode, do not participate in the reaction and are not
necessary to achieve the large energy storage. The precipitation of

lithium perchlorate at the negative electrode suggests that the lithium

ions have low mobility in the electrolytic solution and that the current

in the cell is sustained by the perchlorate ions alone.

Based on the results obtained so far, it appears that a soluble
species is formed as the product of charging and it is consumed on
discharging. Because of the solubility of the product of charging,
the reactions in the cell are limited by the rate of mass transfer.
When natural graphite is a constituent of the positive electrode, a
side reaction, perhaps the intercalation of the perchlorate anion,
occurs the first time the cell is charged causing the electrode matrix
to swell thus creating a large surface area. The soluble product of
charging is stored, probably by adsorption, on the exfoliated natural
graphite.

It is proposed that one of the reactants on charging is the solvent
DMSU. The charging reaction raises the oxidation state of the sulfur
in DMSU to five or six from four, forming a radical cation, and that

this process is reversed during discharging. Of the two plateaus ob-
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served on discharging, the 4.00 V plateau is believed to represent
reversal of the perchlorate ion intercalation while the one at 3.00 V
is attributed to the radical cation reverting to DMSU. Irreversible
decomposition of the solvent occurs at 1.80 V when the cell is not
driven on discharge and the current is 0.32 mA/cmz.

The need for a good separator has been established to prevent self
discharge due to the attack of the dissolved product of charging on the
lithium electrode. Lithium deposits are dendritic, not denmse, in
nature and have poor adherence to the substrate.

The large difference in potential on charging and discharging is
tentatively considered to be due to low exchange current densities.
However, this needs to be established. The role of the solvent in the
charging and discharging reactions must be studied and correlation of
changes in the solvent with the amount of charge stored must be ob-
tained as conclusive proof of the proposed reaction. Experiments with

limited solvent in the cell must be performed for such correlation.
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